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AERONAUTIC  SYMBOLS 
1.  FUNDAMENTAL  AND  DERIVED  UNITS 


Metric 

English 

Symbol 

Unit 

Abbrevia¬ 

tion 

Unit 

Abbrevia¬ 

tion 

Leiigth. _ 

1  meter--- _ _ _ 

m 

foot  (or  mile) _ _ 

ft  (or  mi) 

Time _ 

i  second--- . . — -- 

8  - 

second  (or  hour) . - 

860  (or  hr) 

Force - - - 

F  weight  of  1  kilogram - 

kg 

weight  of  1  pound - 

lb 

Power _ 

p-  horsepower  (metric) - 

7  -  , 

horsepower _ -  — 

hp 

Y  /kilometers  per  hour.  _ .  -  -  _ 

kph 

miles  per  hour _ 

mph 

:  Speed . . 

^  \meters  per  second  . . 

mps 

feet  per  second _ 

[ 

fps' 

2.  GENERAL  SYMBOLS 


Weighfc=m^  '  .  7 

Standard  acceleration  of  gravity =9. 80665' m/9^ 

'f  or  32.1740  ft/sec^  .  7  ■ 

.,l2ass=— 

Moment  of  inertia^ml;®.  (Indicate  axis  of 
radius  pf  gyration  k  by  proper  subscript.) 
Coefficient  of  viscosity 


>  Kinematic  viscosity  ^  _ 

p  Density  (mass  per  unit  volume) 

Standard  density  of  dry  air,  0.12497  kg-m~'*-s®  at  15®  ( 
and  760  nun;  or  0.002378  Ib-frf  sec^  ^ 

Specific  weight  of  f^standard”  air,  h2255  kg/m®  0 
"  0.07651  Iby^uft 


3;  AERODYNAMIC  SYMBOLS 


■Area 

Area  of  wing 
■Gap 

Span  .....  ..  '"7'" 

'Chord  '  - 

Aspect  ratio,  ^  '  *  7^  7  ‘ 

True  air  speed  7  !’ . 7 

Dynamic  pressure/ ^  7. 

Lift,  absolute  coefficient 

Drag,  absolute  coefficient  f 

Profile  drag,  absolute  coefficient 

Induced  drag,  absolute  coefficient 

Parasite  drag,  absolute  coefficient 

C 

Cross-wind  force,  absolute  coefficient 


Angle  of  setting  of  wings  (relative  to  thrust  line 
Angle  of  stabilizer  setting  (relative  to  thrus 
line)  7  ' 

Resultant  moment 
Resultant  angular  velocity 
VI 

Reynolds  number,  p —  where  Z  is  a  linear  dimen 


sion  (c.g.,  for  an  airfoil  of  1.0  ft  chord,  100  mpb 
standard  pressure  at  15®  C,  the  correspondin: 
Reynolds  number  is  935,400;  or  for  an  airfoi 
of  1.0  m  chord,  100  mps,  the  correspondim 
Reynolds  number  is  6,865,000) 

Anglo  of  attack  .. 

Angle  of  downwash 
Angle  of  attack,  infinite  aspect  ratio 
Angle  of  attack,  induced 
Angle  of  attack,  absolute  (measured  from  zem 
lift  position) 

Flight-path  angle 
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SUMMARY 

Dilid  ohfiirni'd  froin  an  i\t'f(n>iii'f  of  ihf  vooliui) 

(•hardctinsfieH  of  four  luulficifllnilrr,  liquid-voolrd  (Uijfuci^ 
hare  been  lunilyzid  and  a  correlation  of  both  the  cylrnder-head 
femj)erafiires  and  the  coolant  heat  rejectioni^  ivdfi  the  primary 
enyine  and  coolant  rariable.^  mas  obtained.  The  method  of 
correlation  mas  prenously  dereloped  by  the  ALU.Ll  from,  an 
analysis  of  the  cooliny  p  race  sues  inrolred  in  a  HquuTcooled- 
enyine  cylinder  and  is  based  on  the  theory  of  noiiboiliny, 
forced-conrection  heat  transfer.  The  data  correlated  included 
enyine  jiower  outputs  from  275  to  ISGO  brake  horsepower; 
coolant  jUnos  from  50  to  320  yallons  per  m in  ute;  coolants  varyiny 
in  composition  from  100  percent  water  to  1)7  percent  ethylene 
ylycol  a  nd  3  percent  water;  and  ranyes  of  enyine  speed,  manifold 
pressure,  carburetor-air  tempi rature,  Juel-air  ratio,  exhaust-yas 
pressure,  iyniiion  timiny,  and  coolant  temperature.  The 
effect  on  enyine  cooliny  of  scale  formation  on  the  coolant  passayes 
of  the  enyine  and  of  boHiny  of  the  coolant  under  rarious  oper- 
atiny  conditions  v.v  aho  dtscuysed. 

The  results  of  this  analysis  indicated  that  the  correlation 
method  is  applicable  to  multicylinder,  liquld-coided  enyines 
of  the  type  inrestiyated  and  permits  the  prediction  of  the  cylinder- 
head  temperature  between  the  exhaust  ralres  within  approxi¬ 
mately  ±12°  F  and  of  the  coolant  heat  rejection  with  an 
accuracy  of  ±5  jwrcent  for  any  operatiny  condition  within  the 
ranye  of  the  inrestiyation . 

INTRODUCTION 

An  invcstiiiatioii  of  the  cooling  chanict eristics  of  rccipro- 
catiin>:  aircraft  cnirincs  is  of  iin])ortance  in  order  to  insure 
satisfactory  eii^nne  |)(‘rforinanc(?  at  extreme  conditions  of 
ojieration.  A  consideralile  amount  of  data  on  the  cooling 
characteristics  of  various  air-cooied  engines  lias  been 
])ul)lished  liy  various  invest iirators  hut  little  data  have  been 
])uhlislu'd  on  the  coolinj;  charact(‘ristics  of  liituid-cooled 
(‘iijrines. 

An  (‘Xtensive  r(‘s(‘arch  ])roirram  to  determine  the  cooling 
charactcM-istics  of  li(iuid-cooled  (‘iigines  was  therefore  insti¬ 
tuted  at  the  NACA  Cleveland  laboratory  in  194:L  The 
initial  ])hase  of  this  program  consisted  of  an  investigation 
conducted  on  a  single-cylinder  engine  to  provide  data  for  a 
fundamental  study  of  the  heat-transfer  processes  involved. 
The  final  results  of  this  investigation  are  reported  in  nder- 
(Uice  1  in  which  an  analysis,  based  on  the  theory  of  non  boiling 
forced-con v(‘ct ion  luait  ti*ansfei*,  was  made  of  the  cooling 


proci'sses  in  a  licpiid-cooled  engine.  This  analysis  resuli 
in  a  seiniempirical  method,  similar  to  that  present('d 
i-('fer(‘nce  2  for  air-cooh'd  engines,  of  correlating  the  cylind 
lu'ad  tem])eratures  with  th(‘  primary  engine  and  cooIj 
variables;  and  this  method  was  successfidly  applied  to  i 
data. 

Following  the’ investigation  on  the  single-cylinder  eng 
(reference  1),  a  comprehensive  investigation  of  the  cooh 
characteristics  of  a  multicylindcr  engine  of  1710-cubic-ii 
displacement  was  conducted.  The  primary  data  obtain 
in  this  investigation  are  presented  in  reference  3  in  tlie  foi 
of  plots  of  the  "cylinder  temperatures  and  the  coolant  h< 
rejections  against  the  basic  engine  and  coolant  variabl 
In  order  to  determine  the  applicability  of  the  correlati 
method  of  reference  1  to  a  multicylindcr  engine  and 
obtain  in  most  conveniently  applied  form  a  complete  formu 
tion  of  the  principal  cooling  characteristics  of  liquid-cool 
engines,  tliis  seiniempirical  method  was  employed  in  sliglr 
modified  form  to  correlate  both  the  (jylinder-head-tcmp 
ature  data  and  the  coolant-heat-rejection  data  of  referenc' 
with  the  primary  engine  and  coolant  variables.  The  resu 
of  botli  of  these  correlations  as  well  as  examples  of  th 
application  to  a  typical  problem  are  presented  herein. 

The  data  used  in  the  correlations  presented  in  this  rep* 
cover  wide  ranges  of  engine  and  coolant  conditions  includi 
engine  power  outputs  from  275  to  1800  brake  horsepow' 
coolant  Hows  from  50  to  320  gallons  per  minute,  and  coolai 
composed  of  ethylene  glycol — water  mixtures  ranging 
composition  from  100  percent  water  to  97  percent  ethyh' 
glycol  and  3  percent  water. 

APPARATUS  AND  PROCEDURE 

The  data  used  in  this  analysis  were  obtained  from  V-17 
engines  s(‘(  up  on  a  dynamometer  stand  and  are  present 
in  curve  form  in  reference  3.  The  data  used  in  the  c* 
relation  of  cylinder-head  temperatures  were  obtained  fn 
four  engines  that  are  designated  engines  A,  B,  C,  and  D 
reference  3  and  herein.  Data  for  the  correlation  of  cooiai 
heat  rejections  were  obtained  from  engine  D  only;  data  fn 
engines  A,  B,  and  C  are  not  included  for  this  correlati' 
because  the  experimental  technique  used  for  these  engii; 
was  not  sufficiently  refined  to  provide  heat-rejection  data 
the  accuracy  required  for  this  analysis.  The  engine  mod* 
used  are  12-cylinder,  liquid-cooled,  V-type  engines  with 
displacement  of  1710  cubic  inches,  a  5.5-inch  bore,  and 
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().()-incli  stroke.  Tlie  coniprossioa  rjitio  is  (>.05  and  the 
(‘Heines  are  fitted  witli  siii^le-sta^e  p^ear-driven  superehar2:ers 
havinc:  a  ^ear  ratio  of  {).(>:  1  and  an  impeller  diameter  of  9.5 
inches.  The  standard  iirnition  system  is  timed  to  (ire  th(‘ 
intake  spark  plu^s  28®  B.T.C.  and  the  exhaust  spark  phisrs 
34°  B.T.C.  The  valve  overlap  extends  over  a  [)ei’iod  of 
time  e(iuivalent  to  74°  rotation  of  the  crankshaft. 

The  cylinder-head  tem|)eratures  were  measured  by  iron- 
constantan  thermocouples  installed  in  each  cylinder  hetwecMi 
the  exhaust  valves,  between  the  intake  valves,  and  in  tbe 
e.xhaust  spark-plu^  boss  at  th(‘  locations  shown  in  fipire  I 
and  accordiiiG:  to  the  method  described  in  reference  3. 

A  schematic  diatrram  of  the  cooling  system  is  shown  in 
figure  2.  Copper-constantan  thermocouples,  dilferentially 
(‘onnected  to  a  portable  pn^cision-type  potent  iometcM',  w(‘r(' 
installed  at  the  locations  shown  in  figure  2  for  the  puri)ose  of 
measuring  tlie  coolant  temperature  rise  across  tlie  engine'  and 
the  coolant  cooling-water  temperature  rise  across  the  coolers. 
The  coolant  flow  was  measured  by  means  of  a  venturi 
installed  in  the  main  coolant  line  and  the  coolant  cooling- 
water  flow  was  iiK'asurcd  with  a  calibrated  rotameter 
installed  in  the  cooling-water  line.  Further  details  of  the 
instrumentation  and  a  description  of  the  general  setup  and 
auxiliary  equipment  are  given  in  reference  3. 

A  summary  of  the  engine  and  coolant  conditions  covered  by 
the  data  used  for  both  the  cwlinder-head-temperature  and 
heat-rejection  analyses  is  given  in  table  I.  In  order  to  iso¬ 
late  the  effect  of  the  engine  and  coolant  variables  on  both  (he 
cylinder-head  temperatures  and  the  coolant  heat  rejections, 
one  of  the  coiulitions  was  varied  in  each  of  the  tests,  while, 
in  general,  all  the  others  w(‘re  held  constant.  The  ((*s(s  on 
engine  A  covered  typical  engine  operating  conditions  varying 
from  (‘iiiise  to  take-off  power  and  included  data  for  several 


Cylinder  head 
between 
exhaust  valves 


■Exhaust  spark¬ 
plug  boss 


Compressed  air-^ 


A  Pressure  tap 
□  Sight  glass 
O  Thermocouple 
\X  Valve 

-  Main  line 

-  Bypass  line 

- Vent  line 

FinuRE  2.--.Seh<‘mutic  <Iiiinram  of  otigino  coolunt  system. 

(‘oolant  flows  and  temptu  atures  and  a  range  of  engine  cool; 
outlet  pressures  from  10  to  30  pounds  per  square  inch  g; 
The  effects  of  coolant  temperature  and  engine  power  on 
cylinder  temperatures  were  further  determined  in  the  pai 
the  investigation  conducttal  on  engine  B,  Tt'sts  in  wl 
an  aftercooler  was  mounted  on  this  engine  were  also  inad< 
determine  the  effects  of  varying  the  charge  flow,  the  manii 
temperature,  the  fuel-air  ratio,  and  the  aftercooling  coi 
lions  on  engine  cooling.  The  part  of  the  investigation 
engines  C  and  D  was  conducted  to  extend  the  rang( 
the  cylinder-head-teniperature  coi'relation  and  to  pnn 
data  essential  to  both  corrt'la lions  that  were  not  oijtained 
the  other  two  engines. 


ANALYSIS 

SYMBOLS 

The  following  symbols  are  us(‘d  in  this  analysis: 

A  mean  area  of  cylinder  wall,  (sq  ft) 

7^1  ..  .  7iio  constants 

c  specific,  lu'at  of  coolant,  (Btu)/(lb)  (°F) 

Cp  si)e(‘ific  heat  of  air  at  constant  pressure,  (Bt 

(lb)  (°F) 

(I  accleration  due  to  gravity,  32.2  (ft) /(sec*) 

II  heat  rejectc'd  to  coolant,  (Btu)/(sec) 

J  mechanical  (‘fiuivah'iit  of  lieat,  778  (ft-lb)/(B 

k  thermal  c.onductivitv  of  coolant,  (Btu)/(s 

(sq  ft)  (°F/ft) 

k,c  thermal  conductivitv  of  c.yliiuh'r  wall,  (lU 

(sec)  (s(i  ft)  (°F/ft) 

X  (‘XpOIU'IltS 


Section  A -A 

Figtre  1.— Instiillution  of  cylindcr-hoad  thermocouples. 


C'OIillELA'riON  OF  (’OOLINO  (’lIARACTEKIS'riCS  OF  A  MXJLTICYLIXDEK  ENGINE 


A'  (‘ilizilU'  s|)(H‘(l,  (ri)ni) 

/V  luiinlxM*  of  coolant,  Ciijh  ((litiiciisioiih'ss) 

y;  carburetor  inlet-air  teniperat lire,  (°F) 

(’llVctive  cyiinder-t^as  teinperaturi',  {°F) 

'J'l,  avera^(‘  (*yiiiui(‘r-hea(l  (^as  side)  teinperaturi', 

CF) 

7’,^  ^  a.V(‘ra^e  cyiinder-liead  (liipiid  side)  temperature, 

(°F) 

7’^  avera<i;e  coolant  t(*mp(‘raturo,  (°I0 

T„,  dry  inlet-manifold  temiierature,  (°F) 

(’  supercharger  impeller-tip  speed,  (ft)  (sec) 

ir^  (‘njriiK'  charge  (air  ])lus  fuel)  How,  (lb) /(sec) 

\\\  coolant  How,  (lb)/(sec) 

mean  tbi(*kn(‘ss  of  cyliudi'r  wall,  (ft) 

Z,  Bx  j  factor  that  accounts  for  tcuuperatuni 
k.  u^x'l 

drop  through  cylinder  head 
^  absolute  viscosity  of  coohiut,  (lb)/(ft)  (sec) 

DERIVATION  OF  CORRELATION  EQUATIONS 

Consideration  of  the  process  by  which  heat  is  transferred 
from  tlie  hot  gases  in  tlie  engine  cylinder  to  the  coolant  in 
a  li(]Uid-(‘Oole<l  engine  indicates  that  the  heat  must  ])ass 
through  a  series  thermal  path  in  the  following  steps:  (1) 
from  the  gases  in  the  cylinder  to  the  gas-side  cylinder  wall; 
(2)  through  the  cylinder  wall;  and  (3)  from  the  liquid  side 
of  the  cylinder  wall  to  the  coolant.  In  reference  1,  the 
following  three  (‘(luations  were  presented  for  this  series 
thermal  path: 

Cyliiuh'r  gases  to  wall 


//- 


Th —  ^  /I.  I 

Ic  1 


Cylinder  wall  to  coolant 


where 


Z=/ii 


Ic  uj/l 


/V- 


CM 


(1) 


where  'I\  is  a  function  of  the  fuel-air  ratio,  inh't-manifold 
temperature,  ignition  timing,  and  exhaust  pressure. 
Through  (“vlinder  wall 


//-  B, 


Cylinder-head-temperature  correlation  equation.— In  ordiu* 
to  ol)tain  a  single  eijuation  exiiressing  th(‘  cylindtu-liead 
temperature  7),  in  terms  of  thi'  primary  engine  and  coolant 
variables,  eiiuations  (1)  to  (.3)  are  combined  in  such  a  maniKU* 
as  to  (‘liminate  II  and  Tuj.  This  (combination  of  the  llure 
basic  (‘(pialions  of  luait  How  hauls  to  the  following  cylinder- 
head-t(mii)(‘rature  corrc'lation  e(iuation: 


(4) 


and 


B,= 


/A 

B, 


In  eipiation  (4),  (he  coolant-How  factor  HV'm 
S(‘parated  variable,  tlu'  edect  of  charge  How  Ixang  inco 
I'ated  with  (he  temperature  parameter.  It  may  be  di'sir; 
in  many  cas(‘s,  howi'vc'r,  to  s('parat(‘  the  eH’e(*(  of  chargi*  1' 
By  nairrangenumt  of  (‘(piation  (4),  the  following  alterna 
form  is  obtained  in  whicii  thi‘  charge  How  is  the  S(*parj 
variable: 


The.  constant  7A,  the  factor  Z.  and  tlie  exponents  n- 
and  .s*  are  determined  from  the  t('st  results  and  the  di'taii 
their  evaluation  are  given  lat(T  in  this  report.  The  sig 
cance  of  other  factors  appearing  in  the  correlation  e((ua 
or  used  in  the  analysis  is  discussed,  in  a  following  sect 
Wlien  these  factors  are  (*valuated,  the  rtdations  among 
and  the  various  engine  and  coolant  operating  conditions 
be  completely' (hdined  by  ('quation  (4)  or  (5),  and  t! 
equations  will  then  serve  to  correlate  and  permit  the 
diction  of  cylinder-head  temperatures  for  any  engine 
coolant  operating  condition. 

If  modes  of  heat  transfer  other  than  normal  forced  con 
tion  arc  predominant  or  if  variables  other  than  those  < 
tabled  in  the  correlation  e([uation  liave  an  effect  on 
(‘ylinder  temp(‘ratures,  the  data  may  be  expected  to  d(‘j 
from  a  satisfactory  corndation.  Two  such  factoi-s  that  i 
be  encountered  in  engine  operation  are  boiling  of  the  coo 
and  scale  build-up  on  the  coolant  passages.  The  effeci 
these  two  factors  are  illustrated  in  figures  to  be  prcsei 
subsequently. 

Coolant-heat-rejection  correlation  equation. — An  eqiia 
exprc'ssing  the  coolant  heat  ri'jection  //  in  terms  of 
primary  (‘iigine  and  coolant  variables  is  obtained  by  a  rec 
bination  of  equations  (1)  to  (3)  in  a  manner  similar  to  i 
us(*d  for  the  (huivation  of  the  cylinder-lumd-tempera’ 
correlation  ec[uation  (‘xcept  that,  in  this  case,  the  varia 
7a  and  7V  z  are  eliminaU'd.  This  re(*ombination  of  the  b 
e(i nations  of  heat  flow  leads  to  the  following  lunit-rejc'c 
correlation  equation: 

As  for  cylinder-head  temperature  correlation  equation 
the  coolant-How  factor  UA/m  is  tbe  separated  variable  in 
('quation  and  the  effect  of  charge  flow  is  incorporated  a 
the  temperature  parameter.  A  rearrangement  of  equation 
to  place  the  charge  How  as  the  separated  variable  g 
the  following  alternative  form  for  the  heat-rejection  corr 
tion  equation: 


4 
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'VUo  valuosof  t  li(' various (•oiistaiitsapix'iM'in^Miii'cj nat  ion  ((U 
or  (7)  are  evaluated  from  llu*  <iata  in  a  maniua*  similar 
to  tlial  iiscal  for  tlu'  (•yliiuler-li('a(i-u*mt)erat ure  eorrc'lat ion, 
as  illustrated  and  sul)se(|uently  dest'rilxal.  Wlum  tlu^se 
factors  are  evaluated,  the  r(‘lation  h(‘tW(H*n  //  and  tlu'  various 
operating  conditions  will  he  complct('ly  d(‘lined  hy  ('((nation  (ti) 
or  (7)  and  these  (‘((nations  will  tluai  S(‘rv('  to  (‘orrelat(’  and 
permit  the  pivdiction  of  coolant  luait  r(‘j('ctions  foi-  any 
engine  and  coolant  oix'rating  (umdition. 

sr(;NiFiCAN(:ic  of  facto ks 

Coolant  heat  rejection  H. — The  total  c(K)lant  luait  i‘('jection, 
including  the  lu'at  rej('ct('d  from  both  the  c,ylind(‘r  heads  and 
the  eylindc'r  barn'ls,  is  us(*(l  in  tlu'  ii('at-r(‘j('ction  corn'latiou 
])r('sented  lu'n'in.  This  valiK'  of  coolant  lu'at,  n'jection  was 
determiiu'd  from  the  nu'asured  (low  and  t(‘m])erat ure  ris(‘  of 
the  coolant  cooling  water  and  was  corrected  for  an  ('stimatial 
piping  loss  of  2  p('rcent  of  the  heat  n'jected. 

Cylinder  temperature  Th. — The  temperatur(‘  T,>  usi'd  in  the 
correlation  of  cylinder-head  temperatures  is  the  avei’age  of 
the  ternperatuiTS  measured  between  the  exhaust  valves  for 
the  12  (‘wlinders  of  the  engine.  This  temperature  location 
was  chosc'U  because  it  is  the  most  widely  used  temperature 
for  this  engine  and,  being  in  the  hott('st  iTgion  of  the  cylinder 
head,  may  bo  considered  indicative  of  critical  cooling  condi¬ 
tions.  Although  an  average  cylinder-head  temperature  is 
indicaUHl  in  the  derivationof  e((uations  (4)  and  (o)  and  is  used 
in  the  correlation  presented  in  reference  1,  a  satisfactory 
correlation  would  Ix'  ('xpocted  for  any  single  temperature 
location.  This  possibility  of  satisfactorily  correlating  the 
temperature  of  any  location  is  a  result  of  the  linear  relation 
(reference  d)  that  exists  between  tomperatur(*s  at  various 
locations  in  the  cylinder  head. 

In  order  to  permit  an  evaluation  of  the  maximum  cylinder- 
head  temperature  obtained  for  any  operating  condition,  the 
relation  between  the  average  temperature  for  tlui  12  cylin¬ 
ders  and  the  temperature  of  the  hottest  cylinder  is  pivsented. 

Effective  cylinder-gas  temperature  T^. — The  ('(lective 
cylinder-gas  temperature  'I\  is  the  gas  temperature  elfective 
in  transferring  heat  from  the  cylinder  gases  to  the  cylinders, 
and,  as  previously  indicatcal,  is  (T)nsider(‘d  a  fiuu'tioti  of  the 
fuel-air  ratio,  inlet-manifold  temperature,  ignition  timing, 
and  exhaust  (iiTSSure.  The  value  of  for  the  various 
(‘iiginc  conditions  for  the  correlation  of  both  cylinder-head 
temperatures  and  coolant  heat  iT'jections  is  determined  from 
tests  subsequently  (h'seribed  and  illustrated. 

Dry  inlet-manifold  temperature  r,„.— The  true  inhd- 
manifold  temperature  in  a  conventional  multicylinder  (‘iigine 
is  dillicult  to  measure  because  of  (he  piTsc'iux'  of  uneva()orated 
fuel  in  the  (‘harge  mixture.  For  cooling  correlations,  the 
(‘Xpedient  of  using  a  calculated  dry  inlet-manifold  tempera¬ 
ture  instead  of  the  measured  manifold  l(‘mperature  is 
adopted.  This  dry  inlet-manifold  temperature  is  (l(‘fine(l 
as  the  sum  of  the  air  temperature  at  the  carburetor  inlet 
and  the  calculated  temperature  rise  of  tlu'  air  incurred  in 
passing  through  the  supercharger.  This  temperatures  rise 


was  calculat('d  on  llu*  assum|)(ion  that  lli(‘r('  was  n< 
va|)(>rizat ion.  Jly  assuming  a  valiK',  of  ().!)(>  for  tli 
factor,  which  is  tlu'  ratio  of  tlu'  |)r(‘ssur(‘.  co('lIicien(  i 
adiaba.ti(^  (‘flici(‘ncy  of  (li(‘  su|)ercharger,  tin*  dry 
manifold  Icmpe'rat  ure*  7’,,,  may  lx*  writtem  as 


0.9()f7- 


For  the  singU'-st age  (‘ugiiu's  us('d.  this  rclatioti  ix'diu 


For  the  t('sls  of  the  engine  (itt(‘d  with  the  aftercoolc 
temperature  dro()  of  tlu'  charge  mixture  incurred  in  p; 
throtigh  t  b(' aft(‘rco()l(‘r  was  (‘alculated  from  the  lu'at  tvj 
to  th(‘  aflercooh'r  coolant  and  subtracted  from  the  ina.- 
((‘.mperature  dc'termiiUMl  from  (‘((nation  (0), 

Charge  flow  and  fuel-air  ratio. — Tlu*  vahu'  of  c 
flow  \Vc  was  taken  as  the  total  charge  (low  fair  i)lus  fu 
the  engine,  although  similar  correlations  may  also  Ix' 
on  the  basis  of  the  air  (low  alone.  The  fuel-air  ratio 
was  the  m(‘an  fuel-air  ratio  to  all  cvlind(*rs  as  obtained 
the  total  air  and  fuel  (lows. 

Coolant  flow  Wi  and  coolant  temperature  Ti. — The  co 
flow  llh  was,  for  sim()licity,  (aki'ii  as  (he  total  c(X)lanl 
to  both  cylind(*r  banks.  Although  tlie  construction  o 
('oolant  |)assages  in  the  engine  is  such  that  the  flow  > 
(considerably  from  (cylinder  to  cylinder,  it  is  shown  in  \ 
eiKce  d  that  chang(‘S  in  (he  total  flow  eflect  proport 
changes  in  the  flow  ov('r  any  one  cyliiuh'r.  The  (co 
temperature  was  taken  as  the  average  of  the  irdei 
outlet  temperatures  of  both  cylinder  banks. 

Physical  properties  of  coolants. — The  physical  prop( 
of  the  coolants  (specific  heat  c,  al)solute  viscosity  /i,  the 
conductivity  k,  and  therefore  the  Fraud tl  numlx'r  Pr) 
(‘VTiluated  at  the  average  coolant  temperature  7V  The 
IK'S  used  were  obt aim'd  from  r('ference  4  and  an'  |)r('S( 
in  (‘onvenient  curve  form  in  reh'reiice  1. 

Constants  ^i,  and  Z  and  exponents  m.  n,  and  s. 
constants  Bu  B^,  and  Z  and  the  expom'iits  m,  n,  and 
determined  from  the  t(‘st  irsults,  and  the  (h'tails  of  the  ( 
nation  of  llu'se  faictors  an'  givem  in  the  following  see 
The  values  obtaiiu'd  for  tlu'se  constants  and  (*x|x)n('nls, 
in  addition,  the  value  of  will  not  ru'cessarily  be  the  ^ 
for  botli  th(c  cylinder-head-temperature  and  (he  Ix'at-r 
tion  correlations  Ix'caUvSe  in  the  cylinder-lu'ad-tempc'n. 
correlation  oidy  (he  cylimh'r  iu'ad  is  involved;  when'; 
the  heat-n'jection  correlation  both  the  cylinder  head  aix 
cylinder  barrel  are  involv(Hl  in  the  transfer  of  heat  to 
coolant. 

CYLINDER-HEAD-TEMPERATURE  CORRELATION 

KVALIJATION  OF  FACTORS 

As  previously  indicat'd,  the  value  of  (he  efr(‘ctiv(' 
(eiiqx'rature  at  various  ('iigine  o()('rating  conditions 


(’OKRELA'l'ION  OF  COOLING  CHARACTERISTICS  OF  A  MULTICYLINDER  ENGINE 


the  values  of  the  const aiit  Z  aiul  the  exponents  /a.  //,  and 
must  l){‘  evaluated  Ix'fore.  tin'  eorreiation  e(juations  may  ixi 
us(‘d  to  determine  the  cylinder-head  temperatun'  for  var¬ 
ious  engine  o|)eratin^  conditions.  In  t^eiK'ral,  the  values  of 
tiu'se  factors  an^  (h'terniined  independently  from  analysis 
of  test  data  that  are  S(‘lected  to  permit  a  simplitication  of 
correlation  ecpiation  (4)  as  r(‘quired  for  this  (‘valuation.  The 
details  of  the  evaluation  of  these  factors  are  (h'scrihed  and 
illustrated  in  the  foilo\vinj>:  paragraphs. 

Eflfective  cylinder-gas  temperature  — The  method  used 
to  evaluate  \vlu(*Ii  has  been  siiccessfidly  ap])lied  to  the 
(correlation  of  cooling  data  obtained  for  a  large  number  of 
air-cooled  engines  and  tin*  litpiid-cooh'd  engine  of  refenmee  I, 
(•onstitutes  first  the  establishment  of  a  ref(*r(cnce  value  of 
Tg  for  a  given  set  of  (q)erating  conditions  and  tluTi  the 
determination  of  the  variation  of  with  each  of  the  ])(*rti- 
nent  engine  conditions.  On  the  basis  of  previous  (correla¬ 
tion  work,  and  in  the  interest  of  consistency  with  other 
cyiinder-head-temperaturc  correlations  (refereiuies  1,  5,  0, 
and  7),  a  reference  valtie  of  for  this  correlation  of  1150°  F 
was  chosen  for  a  fuel-air  ratio  of  0.080,  an  inlet-manifold 
temperature  of  80°  F,  standard  ignition  timing  (approxi¬ 
mately  maximum  power  setting),  and  an  exhaust  pressure 
of  30  inches  of  mercury  absolute.  Investigation  has  shown 
that  the  correlation  is  insensitive  to  changes  in  the  magnitude 
of  this  reference  value  of  7"^;  it  is  important,  however,  that 
its  variation  with  ('ngine  conditions  be  accurately  determined. 

The  variation  of  with  fuel-air  ratio,  manifold  tempera¬ 
ture,  ignition  timing,  and  e.xhaust  pressure  was  determined 
from  the  tc^sts  in  which  tlu^se  factors  were  independently 
varied  while  holding  all  other  engine  and  coolant  conditions 
constant.  For  such  conditions,  correlation  e((uation  (4) 
reduces  to 

y*  _  rji 

constant  (10) 

J-  g —  J-  h 

This  constant  can  be  evaluated  from  the  cylinder-head 
and  coolant-temperature  data  obtained  at  the  reference 
operating  condition  for  whicli  the  value  of  Tg  has  already 
been  chosen.  The  variation  of  Tg  with  each  of  the  afore¬ 
mentioned  variabh's  can  then  be  calculated  from  the  values 
of  the  constant  and  the  coolant  and  cylinder-head  tcunpera- 
turcs  obtaiiu'd  for  the  range  of  operating  conditions  in 
question.  Although  the  value  of  the  constant  is  dependent 
on  the  charge  flow  and  coolant  conditions  of  the  reference 
operating  condition  and  thus  was  not  the  same  for  each  series 
of  runs  for  which  the  variation  of  Tg  was  Ixxng  established 
(see  table  I),  the  variation  of  Tg  from  the  chostui  reference 
value  is  independent  of  the  value  of  the  constant  and  hence 
is  valid  for  any  engine  charge  flow  and  coolant  operating 
condition. 

The  variation  of  Tg  with  fuel-air  ratio  is  shown  in  figure  3. 
The  values  of  Tg  presented  have  betm  corrected  to  a  dry 
inlet-manifold  temperature  of  80°  F  in  accordance  with  a 


relation  between  the  manifold  t(‘m])erature  and  7\  that  v 
l)e  subse((iiently  discuss(*d.  A  maximum  value  of  Tg 
ivached  at  a  fuel-air  ratio  of  about  O.OOT,  winch  is  appro 
mately  equal  to  the  fiu'l-air  ratio  for  tlu^  stoichiometric  nr 
ture.  Data  obtained  from  three  different  engines,  one 
which  was  iittcnl  with  an  aftercooler,  are  included  in  figun 
and  clos(^  agreement  among  the  three  is  notcxl.  The  var 
tions  obtaiiKHl  for  both  the  single-cylinder  (‘Ugine  of  n'b 
ence  I  and  the  air-c'oohxl  (‘ngiiu^  of  refeivncc'  5  are  also  shov 
in  this  figure.  The  values  of  7\  for  the  single-cyliin, 
engine  are  seen  to  lx*  somewhat  lower  than  those  for  1 
multicylinder  engines  of  the  present  invc'stigation,  part 
ularly  in  the  rich  iTgion,  but  close  agre(‘ment  between  t 
multicylinder  liquid-cooled  and  air-cooled  engines  is  evidei 
The  variation  of  Tg  with  the  calculat'd  dry  iidet-manifc 
temperature  is  shown  in  figure  4.  The  data,  which  i 
presented  for  three  (‘ugines  and  various  engine  operati 
conditions,  have  Ix'cn  adjusti'd  to  a  fuel-air  ratio  of  0.080 
accordance  with  the  relation  between  7\  and  the  fiiel-j 
ratio  that  is  presented  in  figure  3.  As  indicatcHl  in  equation  ( 
the  inlet-manifold  temperature  may  be  varied  by  chan 
ing  either  the  carburetor  inlet-air  temperature  or  the  engi 
speed.  Data  obtained  from  tests  wherein  each  of  tlu’ 
quantities  was  independently  varic'd  are  presented  (fig. 
and  both  sets  of  data  fall  on  a  common  curve.  An  avera: 


Figure  3,— Variation  of  effoctivc  oylindcr-gas  temporature  with  fuel-air  ratio  for  cyliiul 
head-temperature  correlation.  Data  corrected  to  dry  inlet-manifold  temperature  of  80° 
exhaust  pressure,  29-30  inches  ini'rcury  absolute;  standard  ignition  timing. 
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FinuRE  4.~ Variation  of  ofTective  cylindcr-pas  tcnii)eraturc  with  manifold  toinpuraturc  for 
cylindor-hcad-tempcraturo  corrolation.  Data  corrected  to  ftiel-air  ratio  of  O.OSO;  exhaust 
pressure,  2&-30  inches  mercury  absolute;  standard  ignition  timing. 


change  in  of  about  0.25®  F  per  degree  Falirenlicit  change 
in  Tm  is  indicatf'd  and  correction  of  to  other  than  80®  F 
manifold  temperature  is  therefore  made  in  accordance  with 
the  relation 


Fn.TfRE  5.~Variation  of  oiTcctivo  cylindcr-gas  temperature  with  exhaust  pressure  at  .several 
fuel-air  ratios  for  cylinder-head-temperature  correlation.  Data  corrected  to  dry  inlet- 
manifold  tcmpi'raiure  of  80“  F;  standard  ignition  liming;  engine  1). 


A7’,-:().2r)  (7;,-80) 

Tilt'  ('fleet  of  ('xhaust  |)r(‘ssur('.  on  1\  for  ihrt't*  vnl 
fiK'l-air  ratio  jind  various  ('iigiiuj  conditions  is  prf'st'ii 
figure  5.  Tlu'se  valiU'S  of  have  Ix't'ii  corri'clf'd 
inlet-manifold  hanperatun'  of  SO®  F  by  niiains  of  ('((initi( 
An  incn'asf'  in  exhaust  |)rcssiire  iTsults  in  an  incrcast' 
and,  foi*  th(‘  range  of  fiu'l-air  ratios  covt'n'd.  llu'  in 
is  sonu'wliat  greatt'r  at  (lit'  h'an  lliaii  at  tlu'  r-icli 
(HITS.  A  similar  cfft'ct  of  exhaust  prt'ssure  on  '1\  \v 
tained  in  the  tt'sls  of  an  air-cooled  (mgine,  which  ar<^  rei 
in  r(‘ferenc('.  0.  and  also  in  t(‘sts  of  aiiollu*r  liquid- 
engine  eonducted  at  this  laboratory  (data  unavailable), 
convenience,  a  cross  plot  of  llu'se  curves  is  shown  in  fi 
in  which  is  ])lott(‘d  as  a  function  of  fuel-air  rai 
('.xhaust  pressutTS  of  10.  20,  )U),  40,  and  50  inehes  of  nn 
al)S()Iut('.  Flic  eiirv(‘.  for  an  exhaust  jiressure  of  .‘>0 


Fic.rRE  •).— Variation  of  otTective  cylinder-g.'ks  temperature  with  fucl-air  ratio  at 
exhaust  prcs.surcs  for  cylindcr-hoad-tcmpcrature  correlation  (obtained  from  cn)> 
llg.  .I).  Data  correcit'<l  to  dry  inlet-manifold  temperature  of  80“  F:  sltindard 
timing:  engine  D. 


of  mercury  was  obt aim'd  from  figure  8  and  the  shape  < 
curve  was  used  as  a  guid('  in  drawing  those  for  the 
exhaust  pressings, 

'Pho  variation  of  with  ignition  timing  for  engine  s 
of  2000  and  11000  rpm  is  presented  in.  figure  7  as  a  p 
against  ignition  timing.  This  variable  yi\  rt'pn 
the  change  in  effective  cylinder-gas  t(‘mperatnro  froi 
value  at  the  standard  ignition  timing  (exhaust  s[)ark  i 
of  34®  B.T.C.  Fhe  magnitude  of  the  correction  to 
other  than  standard  ignition  timing  incn'ases  posit iv( 


CORUELA'l'ION  OE  t’OOLIXd  (’IIAUACrKRISTlCS  OR  A  MUIAI'ICYLIXDER  EXGIXE 


lli(‘  s[)jH'lv  sc'Uin*^  is  iii(‘n'jis(‘(l  or  ({(‘cn'asc'd  from  tlu‘  norina 
position.  "rii(‘  (lain  s(‘parat(‘  sonuAvliat  with  sptaa 

for  a  spark-f)liig  timing  lat(‘r  tiuui  tin*  norinnl  s(‘ttiu^  f)nt 
for  simplicity,  a  single'  curve*  has  l)(‘cn  drawn  tlirou^di  all  tin 
data.  I  ■  I 

Exponent  n  on  charge  flow. — Ti'n’*  value*  of  the  (‘X[)oru‘hi 
/{  on  charge*  How  was  oht aim'd  .from  tests  at  (‘onstaiiji 
coe>lant  e*e)n(litions  in  whieli  (he*  charge*  (low  was  varie'd  hy 
chan^in^  the*  e'li^ine*  spccel.  manifold  pre'ssure*,  or  c.xhausi 
pre'ssurc.  Ke)r  siieli  conditions,  e*(|uafiou  (4)  reduces  to 

Tn-T:  ' 

T,-7V 


(12) 


Exhaust  spar K- plug  timing,  deg  B.  T,  C. 

(intake  spork-'p/ug  timing,  6°  later  than  exhaust) 

FiGL'KE  7.— Variation  of  chaiiRt*  in  elTectivt*  cylinder-Kus  tenipiTatun'  wiili  ijniition  liiniii« 
for  cyllndur-lK‘a(I-a*nitH-*nJlure  correlation.  Kniiitic  l>. 


_ 7' 

A  logarithmic  plot  of  m  against  Wc  is  shown  in  fig- 

lire  S  anel  the  slope  of  the*,  line  through  the  data,  which  is 
eeiual  to  the  value  e)f  the  exj)onent  a,  is  0,00.  Although  tin 

.yi. _ :  7’ 

absolute  value  of  the  factor  rp  -  rJ  woulel  he  elilTerent  foi 

l.g  —  1  h 

difrerent  ce>oIant  •  conditions,  the  slopes  of  the*  resultin*^ 
lines  would  l)o  the  same.  The  eiata  for  the  runs  with  a 
coolant  flow  of  300  gallons  per  minute  \vere  adjusted  toil 
flow  of  250  gallons  per  minut(3  to  be  consistent  with  the  rest 


Th-T'i 

Fir.uRE  8 —Uctermination  Of  exponent  n  on  charge  Mow  UA  for  cylind<'r-heiid-temporature  correlation  from  variation  of  - -™—  with  »%.  Coolant. ;«)- 70  ethylene  ftlycol—water;  averaKe 

^  t  ^  h  __ 

coolant  teintwrature,  245”  F. 
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of  the  (laUi  hv  the  factor  in  accordance 

J  f(  —  L  n 

with  the  ellVct  of  coolant  flow  on  the  (wlinder-head  tem¬ 
perature  |)resented  in  reference  d.  Data  covering  a  wide 
range  of  engine  sp(M‘d,  manifold  pressure,  and  (‘xhaust 
pressure  are  presented  for  two  engines  and  clovse  agreement 
is  noted. 

Factor  Z. — The  factor  Z  was  determined  from  tests  in 
which  the  coolant  temperature'  and  composition  were  held 
constant  while  the  coolant  flo\v  \Vi  was  varied.  For  these 
conditions.  t'(piation  (4)  may  Ix'  written 


(13) 


A  plot  of  (li'l"  “>)  ' /H'i,  using  flio  previ- 

ously  determined  values  of  and  the  exponent  n,  is  shown 
in  figure  9  for  five  difrerent  coolant  compositions.  Extrapo¬ 
lation  of  these  data  to  l/lF'j  =  0  (at  which  point  the  value  of 

equal  to  tlie  Z  factor)  results  in  a  value 

of  0.13  for  Z.  Because  of  the  somewhat  arhitraiy  nature 
of  this  e.xtrapolation,  the  final  value  for  Z  was  chosen  by 
drawing  curves  having  the  same  general  shape  as  tliose 
presented  for  a  similar  plot  in  reference  I  mid  then  com¬ 
pleting  and  plotting  a  final  correlation  of  all  the  data 
(based  on  equation  (4))  using  three  difierent  valiu's  for  Z 
ill  tlie  neighborhood  of  the  value  indicated  by  (he  curves; 
the  value  that  gave  tlie  most  satisfactory  (‘Orrelat ion  (0. 13) 
was  finally  choaen. 

In  tlie  investigation  of  reference  3,  it  was  found  that  the 
cylinder-head  temperature,  particularly  in  the  (‘xhaust  or 
hot  side  of  the  head,  increased  with  engine  running  time 
during  the  initial  ojieration  of  the  engine.  This  increase  in 
temperature  is  illustrated  in  figure  H)  and  it  is  noted  that 
the  temperature  between  the  exhaust  valves  increased  about 
25"^  F  during  approximately  the  initial  100  hours  of  engine 
nmning  time  and  remained  substantially  constant  as  the 
operating  time  was  further  increased.  Ihilike  the  variation 
('xluhit(‘d  by  this  temperature  location,  tlu*  t(‘mperature  at 


1  \ 

Fir.i’RE  9.  — Dotermination  of  factor  Z  from  variation  o(  J 

for  cyliiulcr-head-tcmpcraturc  correlation.  Average  coolant  temperature,  215*'  F;  engine  1). 


Kegure  10.— Vjiriatioii  of  average  cyliEuler-lieaU  temperaltires  witli  enirine  nitEnitig 
KngiEie  Sf)oe<t,  2(KX)  rpEii:  manifold  pn'ssure.  ;t2  Incties  EtJcrcury  absolute:  charge  Uow 
(KHitula  per  sehioihI;  fnel-air  ratio.  O.OO.'i:  eai  buretor-air  lemjwriilure.  S2'’  F;  (*ot)liUit., 
ethylene  glycol— mtler;  coohmf  Hotv,  ;««)  Kalkms  |>er  minute:  average  wndant  tefnper 
F;  standard  Ignition  timing:  E'xJiatisl  pressEmv2tt-;tf)  incln's  mereory  ab.HoUile:  engi 


the  (‘xhaust  spark-[)lug  boss  increased  only  slightly  and 
temperature  between  the  intake  valves  remaineil  const 
over  the  entire  period  of  the  investigation.  As  diseusse* 
reference  3,  an  inspoetion  of  the  coolant  passage's  of  a  sci'ap 
cylinder  head  revealed  S(9ile  (h'posits  on  the  exhaust  sid* 
the  eylinder  lunid  hut  none  on  the  intake  side.  This  iner< 
in  temperature  was  therefore  attributed  to  the  scale  depo 
on  the  coohint  passages,  Bi'eause  the  Z  factor  accounts 
the  temperature  drop  through  the  eylinder  head,  this  ineri 
Iti  f‘ylirKl(M‘4i(>ad  Lmipcniturf'.  with  engine  runiiiiig  time 
he  reflected  as  a  similar  variation  in  the  Z  factor.  The  vp 
of  the  Z  factor  (0.13),  which  was  lieterrnined  after  about 
hours  ac<'uinulated  engine  running  time,  is  therefore  aj) 
eabh'  only  for  this  or  greater  engine  nmning  (iiiK's.  Alt  ho 
the  final  corri'lation  is  insensitive  to  the  magnitude  of 
basic  value  of  Z,  it  is  necessiuy  that  the  variation  of  Z,  wl 
occurs  during  the  initial  period  of  engine  running  time. 
a(‘(‘urately  detei'mined  and  ineludcd  in  the  final  eorrclat. 

The  variation  of  Z  during  the  initial  period  of  ciu 
nmning  time  was  detf'rmined  from  cylindi'r-head-lem|)enu 
data  obtained  at  a  reference  operating  eondilion.  For  ■ 
TefereiH'e  eendition,  the  coolant  comlitions  const p 

accordingly,  equation  (13)  may  In'-  written 

The  value  of  the  constant  is  d(*teniiined  from  the  suhstitui 
into  llu^  cfiuation  of  the  pre\TOUsiy  determined  value  of  Z 
the  pertinent  engine  and  (*oohiiit  data  obtained  at  100  Ik 
engine  running  time.  The  value  of  Z  at  other  engine  rum 
times  is  then  (h'U'rmined  from  the  value  of  the  const 
and  the  cylinder-lK'ad  temperatures  olitained  at  the  ruiin 
time  under  consideration. 

A  plot  showing  the  variation  of  the  Z  factor  for  engiiu 
witli  engine  rumiing  time  is  presented  in  figure  11.  It  eaj. 
seen  that  the  Z  factor  increases  during  the  initial  en^ 
operating  time  in  a  manner  similar  to  that  for  the  cylim 
head  temperature  (fig.  10)  and  that  there  is  no  signific: 
change  in  the  value  of  Z  after  al)out  100  hours  running  tii 
It  is  expected  that  tins  phenomenon  will  vary  from  eiigim 
engine  deiieiiding  upon  the  liistory  of  op<'ration.  The  nu 
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of  (‘oiuliiions  aiul  niiuiin^  tiine  ov(‘i- Avliich  this  varia¬ 

tion  was  ('slal)lish(‘(l  is  iiulicat(‘(l  in  table  1. 

b Or  (Mi^iiK'  1) ,  t  lui  valiK'  (h  A  usc'd  in  the  siibst'Cj ucnt  cyliiuhn  - 
lu‘a(l-((‘in[)eralurc  eorrcdalion  plots  was  {leterniiiied  from  th(‘ 
(‘urve  of  li^iire  1 1.  For  (Mijrines  A,  B,  and  C,  the  data  were 
insu(riei(Mit  to  provich'  s(‘para(e  evaluation  ol  Z.  hut  most 
of  th('  correlation  data  provi<led  by  these  (‘U^nnes  w(‘re 
obtained  after  lh(‘  (‘ii^dnes  had  becui  run  for  a  cousiderabh' 
huarth  of  lime  so  a  \’alue  of  O.lo  was  used.  I^(‘cause  (his 
value  r(‘sulte.d  in  satisfactory  correlation  of  the  cylinder- 
h(‘ad-((‘m])erature  data  from  en^iiu's  A,  B.  and  C  with  those 
of  enixine.  1),  it  may  bo  assumed  that  the  coolant  passajrcs  of 
these  engines  W(‘ro  in  about  tlu'  sanu‘  condition  as  those  ol 
(Mi^dne  1)  after  about  100  hours  enij:ine  running  time. 

Exponent  m  on  coolant-flow  parameter  Wi/fi.  —Thii  value 
of  th(‘  exponent  m  on  the  coolant-llow  paranuHer  Wi/^i  was 
determined  from  tests  in  which  (he  c(Mdaiit  temperature  and 


O  20  40  60  SO  100  120  140  160  180 

Engine  running  i'ime,  hr 

KKjruE  n. -Varhittoii  of  fiictor  Z  for  cylimliT-hcad-tcrniieniiim!  corrolmion  with  liiitiul 
onpino  runniiic  ttnie  aUril)Ulcd  to  sindc  huild-up  in  coohuit  p;ks.supcs  of  cnpitio  O. 

composit  ion  W('re  held  constant  while  the  coolant  flow  H  /  was 
varied  (similar  to  data  for  determitiation  of  Z  factor).  For 
these  conditions,  e((uation  (4)  may  be  writlfui 

A  iogarithmic  plot  of  the  factor 

apiinst  ITj/m  is  shown  in  tipire  12  for  five  ditrerent  (loohiut 
comjmsitions.  The  slope  of  the  straitrht  lines  throujrh  these 
data  is  e(|ual  to  the  exponent  on  HW.  Lines  havin^^  the 
same  slop(‘  are  drawn  thmu^h  the  data  for  each  coolant  and 
(lu‘  value  of  the  exponent  m  is  ac.c.ordin^ly  established  as  0.48, 
This  value  for  the  exponent  m,  which  is  established  from  these 
select(‘d  data,  will,  of  course,  be  verified  by  the  slope  of  the 
line  throu<2:h  all  the  data  on  the  final  correlation  plot  based  on 
(‘((uation  (4). 

Exponent  s  on  Prandtl  number  Pr. — The  value  of  the 
exponetit  .v  on  the  Pi'andtl  niimlxM*  Pr  was  determincfl  from 
data  for  a  constant  value  of  HV/x;  for  this  condition,  equa¬ 
tion  (4)  may  be  reduced  to 

The  slope  of  the  line  determined  by  a  logarithmic  plot  of 

^  would  then  establish 

the  value  of  the  exjmiieiit  .s\  A  wide  range  of  Prandtl  number 
for  this  plot  may  be  obtained  if  data  for  several  different 


Coolant^  i 
~  glycol -water 
(percent  by 
volume) 
0-100 
30-  70 
50-  50 

I  70-  30 \ - 

97-  3\ - 


Slopes^  -0.4S\ 


' - '.^1  1-1  L  -1 _ I _ ^ _ I  >  .1  1  _ U - U 

/  2  4  6  10  20^10 

WrlfJL 

Fpp’RE  12.— DcUTrninatloii  of  exponent  m  on  coolunt^tlow  piiramoier  ICi/M  for  cyliiutor-hoiK 


temperature  tmrclution  from  viiriiitinn  o,oo^  ^ 

various  coolants.  Average  coolant  tcrnporaluro,  F;  engine  1). 

coolants  arc  used.  In  order  to  construct  this  plot,  it  is  con 
venient  to  obtain  values  of  the  factor 


from  figiu’e  12  for  a  constant  value  of  HVm  and  tlicn  t< 
cross-plot  the  values  of  this  factor  against  tlie  Prandtl  num 
her  Fr  of  the  different  coolants.  Data  obtained  from  a  cros- 
plot  of  figure  12  at  a  constant  value  of  Wi/fi  equal  to  55,0()t 
is  shown  in  figure  13  and  the  slope  of  this  line  thus  cstablisile^ 
the  value  of  the  e.xponent  s  on  the  Prandtl  number  Pr  as  0.33 

FINAL  CORRELATION 

Final  correlation  with  coolant-flow  factor  as  in 

dependent  variable. -^The  final  correlation  based  on  equatioi 
(4),  which  is  obtained  by  plotting  the  factor 

against  Wi/fj.  on  logarithmic  coordinates  for  all  test  datj 
for  the  four  engines,  is  presented  in  figure  14(a).  Althougl 
the  (lata  points  scatter  considerably,  the  ma.ximum  variatioi 


i  Coolant^ 
qlycof-wafcr 
(percent  by 
volume) 

o  0-(00  — 
+  30-  70  — 

X  50-  50  — 

o  70-  30 _ 

O  9  7-3 


,  . 

_ 

Slope,  - 

■0.33 

-- 

xt 

'^1  2  4  6  10  20 

Prandtl  number ^  Pv 

Fir.nKE  i;i.— i)tienniuatuyu  (rt'T'^poiicatr^n^n-rr:mririmiiTnbt'r7pHorx"3HimIcr-liC,KFU'iii{x;.atUf' 

correlation  from  variation  of  ^  obtained  fron 

cross  plot  of  fi«urc  12  at  value  for  Il't/M  of  .noJKK),  Avera«e  coolant  temiwraturc,  245'^  F 
entdne  U. 
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(:i)  Uatii  keyed  for’iiiJTercnt  variables, 

(b)  Data  keyiMl  far  difTerorit  engines, 

Fici;re  14.— Final  correlation  of  cylinder-head  temperatures  based  on  equation  (4). 
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ill  r,,  rrsultiii^  from  lliis  scattcM'  is  not  iari^c'.  A  variation  in 
!  h  of  ±  V  for  ty])ical  ('iitruu'  roiulilions  at  normal  ratial 
j)o\V(‘r  is  ri'prosiMitiMl  hv  the  daslied  liiu's  in  tlie  litcun*,  and 
it  is  s(M*n  that  almost  all  llu*  data  lie  within  this  l>and. 

The  value  of  tiu'  (‘xpoiumt  nt.  whieh  is  obtaimal  from  tlu’ 
siop(‘  of  tlu'  liiK'  throiiLdi  th(‘  data,  is,  as  [treviously  (h'ter- 
miiual,  (‘{jiial  to  ().4S  and  tlu'  vahu'  of  tlu'  eonstaut  h\,  found 
liy  sid)stit ution  of  tlu'  valiK's  of  the  <‘oordinat(‘ of  any  point 
on  ih(‘  liiu‘  into  thi'  correlation  (apiation,  is  (apial  to  O.OOH))-), 
d'hc  (iiial  (‘(pialion  is  accordin^dy  written 

and  will  apply  ovia*  a  considcM’ahle  i'an^(‘  of  (Ui^iiU'  operating 
conditions,  coolant  tcinpt'rat urcs,  coolant  (lows,  and  coolant 
compositions. 


In  ord(‘r  to  illustrat<‘  the  variation  in  tlu‘  coia-idat ion  ol 
laiiual  amon^  tin*  four  (‘ti^iiu^s.  tlu*  corridat ion  of  liftin'  14  (a 
is  rc'plotted  in  liyain'  14(1)),  usin^  a  dillerc'iH  symbol  fo 
(‘ach  enij:ine.  Tiie  separation  of  th(‘  data  betwiaai  eiiiriiK 
is  slight  and  th('  scatt(‘r  for  one  (‘ni^iiu*  is  almost  as  t;r(*at  a 
the  total  scatter  for  all  enpiies. 

Final  correlation  with  charge  flow  as  independen 
variable. — (  \)i‘reiat  ion  of  tlu'  t(‘st  data  bascal  on  e(juation  ("> 


is  evaluatcHl  by  using  tlu*  previously  determined  value's  o 
///,  6‘,  Z,  and  and  plotted  against  the  charge*  How  \\\,  i 
shown  in  figure  lo.  A  straight  line  with  a  slope  of  —  O.Ot 
wliich  is  (‘fjual  in  absolute  value  to  the  value  of  tiu*  expone'ii 
n  on  Wcj  t)reviously  (h'termined,  is  drawn  thi-ough  th 


(‘(Illation  (f)1 
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tiata.  As  a  |■(‘sult  of  tlu'  difrcrcMit  arnin^oiiK'iit  of  tlu‘  (ornis  i 
ill  this  (‘(juatioM.  llu'  scatter  of  the  <hita  is  considerahly  j 
l(‘ss  in  li^nir(‘  15  than  in  figure  14;  tlie  over-all  accuracy  | 
of  th(‘  correlation  is.  of  course,  the  same.  | 

AMieii  (‘(juatiou  (17)  is  (‘(‘arranged  in  accordanci'  witli  | 
this  j)lot,  (In*  following  form  is  obtained:  I 


\^h  —  ^1/ 


As  previously  m(*ntioned.  the  vnlu(*s  of  the  fa(‘(or  Z  for 
(‘ii^ine  D  usi'd  in  plottint;  the  final  correlation  of  figures  14 
and  15  were  obtained  from  figure  11.  If  a  constant  averaire 
value  W(‘n*  used  for  Z,  tin*  scatter  of  tin*  data  would  In*  in¬ 
creased  from  approximately  ±12*^  to  about  ±22®  F,  di‘[)end- 
ing  upon  (he  engine  running  time. 

In  order  to  facilitate  the  computation  of  head  ti'tnper-  i 
atures  In^  means  of  efiuation  (18),  values  of  the  coolant-  | 


Engine  Engine  Manifold  Charge  Coolant. 

- power  speed  pressure  flow  giycol-wai 

(bhp)  (rpm)  (m.  Hg"  (lb  j  sec)  (percent  l 

- 1 —  absolute)  -  volume) 

-  760  2600  36  1.78  o  0- IOC 

- //QO  3000  50  2.71  ■  ^  30-  7i 

I  I  I  i  I  I  I  '  ■  :  y  50-  5C 


/''’.-"'’A  ^  m" \  .,1 

17.--V,umM„n  „t  (  -i.  _,.J  Lt  "■">  . . . 

:is  i luiu^ntion  of  hoiliim.  A vi'r.iiii*  oooliint  tc;ii|H‘r;iluro,  Jl.V  K:  niiiiiu'  !•. 


tions  t^ivi*!!  by  (‘(piation  (IS)  W(*r(*  considered.  Thi* 
hand  side  of  this  eej nation  should  normally  lx*  a  luncti' 
only  cbar^(*  flow  and,  if  boiling  of  the  coolant  W(‘re  lU'^li: 
would  be  independent  of  the  <‘Oolant  flow.  If,  how 
boiling  occurs  to  an  appreciable  extent,  tin*  value  oi 
left-hand  side  of  this  ('(juation  w'ould  In*  (*xpected  to 
with  the  coolant  flow.  A  ])lot  of  this  parameter  ag 
coolant  flow  is  sbowui  in  figure  17  for  two  differ(*nt  ei 
operating  conditions  and  s(‘V(*ral  coolant  compositions, 
coolant  flows  greater  than  about  100  gallons  per  minutt 
value  of  the  plotted  parameter  is  independent  of  the  cot 
flow,  which  indicates  that  boiling  of  the  coolant  did  not  < 
to  a  noticeabh*  d(*gr(*(*  in  tliis  jange.  For  coolant  flow* 
than  about  100  gallons  per  minute,  how'ever.  the  value  o 
parameter  increases  wuth  reduced  coolant  flow'  (de[)ei 
on  the  engine  power  and  coolant),  which  illustrates  the  t 
eiicy  of  boiling  of  the  coolant  in  tliis  range  of  flow'  rat 
reduce  the  cylinder-head  temperatiu’c. 

The  maximum  variation  of  tin*  parameter  plotted  infigi; 
is  equivalent  to  a  (h'crease  in  head  temperature  of 
than  10®  F.  Because  this  variation  is  w'ithin  the  in* 
S(*atter  of  the  data,  the  correlation  is  not  seriously  afb 
by  boiling  for  the  ranges  of  variables  covered.  Kxtrapol; 
of  this  correlation  to  combinations  of  higher  engine  p( 
lower  coolant  flow's,  or  low'er  coolant  pr(‘ssures  than  i 
covered  by  this  inv{*stigation  w'ould,  how'ever,  be  suliji* 
uncertainties  and  reduci'd  accuracy  of  prediction  of  cyli 
t(*mp(*ratures. 

Relation  between  maximum  and  average  cylinder- 
temperature. —  In  figure  18,  tin*  cylinder-heail  ternperj 
b(*twe(*n  the  (*xhaust  valves  of  the  hottest  cylinder  is  [)l( 
against  the  average  temperature  of  the  12  cylinders  at 
location.  Good  correlation  of  these  data  is  obtained  h' 
conditions  and  for  all  engines  wuth  the  maximum  cylii 
head  temperature  ranging  from  10®  to  20®  F  higher  thai 
average  temperature.  From  the  (‘orrelation  of  the  av< 
cylinder-head  temperature  wuth  the  primary  engine  vari; 
and  coolant  variables  given  in  figure  14  or  15  and  fron 
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Fir.rTRE  IH.— K‘.‘l;Hion  of  avpruKc  cylin(lor*hi>!Ul  temiMTiiturc  hotwocti  exhaust  vnlveH  for  12  cylitulers  to  hottest  cylinder  ternixTUture  nieusun'd  at  same  IcK'alion. 


relation  hetwtMni  the  iiiaxiniuin  and  average  head  (ein|)ei’a- 
tiires  siiown  in  fi^nire  18,  an  estimation  of  the  niaxiinum 
cvlinder-head  t(‘in])(‘ratiire  hetwetni  exhaust  valves  is  possible 
for  a  lar^e  raiit^e  of  engine  and  coolant  conditions. 

COOLANT-HEAT-REJECTION  CORRELATION 

EVALUATION  OF  FACTORS 

As  previously  discussed,  the  values  of  the  various  constants 
and  exponents  appearing  in  the  correlation  equations  may 


not  necessarily  he  the  same  for  both  the  cylinder-lua 
temperature  correlation  and  the  coolant-heat-rejection  c 
relation  because  oidy  the  heat-transfer  processes  occurn 
in  part  of  the  cylinder  head  are  involved  in  the  cylind 
head-temperature  correlation,  whereas  the  heat-trans 
processes  occurring  in  the  complete  engine  cylinder  ; 
involved  in  the  heat-rejection  correlation.  The  method 
(',valuating  the  various  constants  and  exponents  for  i 
coolant-heat-rejection  correlation  is,  however,  similar  to  tl 
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j>n'vi{)usly  (lisciissod  for  tiio  cyliTi(K'r-lu'a(l-t('nip(‘nit  iu'(‘  cor- 
ri'hitioii  and  ilia  dt‘lails  of  their  deti'riniiuUioii  aiT  ‘j:iveu  in 
(lie  foilowiiiij:  ])aragraplis. 

Effective  cylinder-gas  temperature  T^.  -Beianisi'  of  dif¬ 
ferences  in  the  h('al-lransf(‘r  processes  alfectin^  the  cyliiuhn- 
h(‘ad  leinperatures  and  the  coolant  heat  reji'ctions  jnsi  dis¬ 
cussed,  the  ndVrence  value  of  of  1150°  F  that  Avas  used  for 
lilt'  cylind(*r-head-t(‘ni])eratiir(‘  correlation  Avas  considcu’ed 
iinsuitahh'  for  atiplical ion  to  a  correlation  of  coolant -Inait-  i 
rejection  data.  Accordingly,  a  reference  value  of  for  th(‘ 
coolant-heat-rej(’clion  correlation  Avas  (h'terinined  from  con¬ 
sideration  of  ecpiation  (1) 

(i) 

Flu*  relation  hi'twec'n  //and  Tfi  for  constant  \\\  and  7\  is 
obtained  from  runs  in  which  one  of  the  coolant  variables  Is 
varied  Avhile  all  the  engine  conditions  are  held  constant. 
Those  values  of  II  are  then  ])lotted  against  Tn  and  extrapo¬ 
lated  to  zero  //;  the  value  of  Tf,  at  zero  II  will  then  be  equal 
to  the  value  of  Tg  at  the  particular  engine  operating 
condition. 

The  value  of  indicated  in  ecpiation  (1)  should  be  an 
average  inside  wall  tcunperaturc  for  the  entire  cylinder,  but 
inasmuch  as  the  instrumentation  was  insuflicient  to  provide 
an  average  wall  temperature,  the  average  of  the  temperatures 
measured  b(*tween  the  (*xhaust  valves  of  the  12  cylinders 
Avas  used.  Although  the  resulting  reference  value  for  is 
somcAvhat  higher  than  Avhat  would  have  been  obtained  if  an 
average  cylinder  temperature  Aver(>  used,  this  ])rocedure  is 
considered  satisfactory;  as  previously  mcntioiu'd  for  the 
cylinder-tc'mperatiire  correlation,  the  accuracy  of  the  final 
correlation  d('[)ends  ])rimarily  on  the  accurate  determination 
of  the  variation  of  7\  witli  the  various  engine  o})erating  con¬ 
ditions  and  is  insensitive*  to  fairly  large  (‘hanges  in  its  refer¬ 
ence  value. 

The  resulting  ])lot  of  II  against  7\,  obtained  from  runs  in 
Avhich  the  coolant  temperature  75  Avas  vari(*d  for  lAvo  <lif- 
ferent  coolants  is  shoAvn  in  tigure  19.  Extra])olation  of  tlu^ 
(‘urves  to  zero  II,  at  Avliich  ])oiiit  the  ave'rage  lu'ad  t(*mp(*ra- 
lure  is  equal  to  iIk*  (*tlVctive  gas  t(‘mp(‘rature,  gives  an 
initial  value  for  7\  of  about  7.")0°  F  for  a  fuel-air  ratio  of 
0.095,  a  (by  iidet -manifold  temperature  of  254°  F,  an  exhaust 
j)ressure  of  29  to  50  inclu's  of  menmry  absolute,  and  standard 
ignition  timing.  Wh(*n  this  initial  value  of  7\  is  correct(‘d 
to  the  customarily  assumed  ref(‘rence  conditions  of  fu(‘l-air 
ratio  of  O.OSO,  dry  inlet-manifold  temperature  of  S0°  F, 
(‘xhaust  pressure  of  29  to  .50  inch(*s  of  ni(‘rcurv  absolute, 
and  standard  ignition  timing  in  accordance  Avith  the  rc'la- 
tions  to  be  ])r(*seTit(‘d  lat(‘r,  a  value  of  700°  F  is  obtaiiu‘d. 
Although  this  reiVrence*  value  of  7\  for  tin*  cooiant-h(*at- 
rejection  correlation  is  consid(‘rably  loAver  than  the  value 
of  1150°  F  used  in  the  cvlind(*r-h(‘ad-t('inperature  correla- 
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FifitkE  15).  — Ocrcnnlnation  of  7’„  from  variation  of  coolant  heat  rejectitm  with 
('ylliidi'r-hcatl  U'lnporattirc  hot.wjTti  exhaust  valves  for  coolant-hoat-rejection  con- 
('oolant  How,  2t)(i  tralintis  per  minute;  I'liirino  .spood,  2ri00  rpm;  fiicl-air  ratio,  <lt 
manifold  li-mpecatuir,  F:  exhaust  pn'.ssuro,  29-;U)  Inches  mercury  ahsolute:  st 
innitioii  limittp. 


t.ioiis  and  approa(‘hes  tlu*.  value  of  000°  F  ustal  in  cvlii 


consid(*red  suitabh*  for  the  ])resent  correlation  of  cfit 
h(*at  r(*j('ctions  in  vit'Av  of  tin*  satisfactory  final  correi;. 
obtained. 


The  variation  of  7\  Avith  fuel-air  ratio,  iidet-man 
t(‘mperatur(*,  ignition  timing,  and  exhaust  pressure  for 
heat-rej(‘ction  correlation  is  (h'terinined  in  a  manner  sir 
to  that  for  the  head-U'inperat ure  correlation  from  tln^ 
in  which  tln'se  factors  avc'h*  (*.ach  independently  varied  v 
iiolding  all  other  conditions  constant.  For  these  condii 
corrf'lalion  (‘((nation  (b)  la'conu's 


This  (‘onslaiit  is  (‘.valuated  from  the  iK'at-rejection 
coolant-t(*mperature  data  at  th()  o()erating  cemditions 


(  •OUHELA’I'IOX  OK  (’0()I.Ii\(;  ( lIlAUAC  rEUISTK’S  OF  A  M  OLTR' VLIXDEH  EXdIXE 


i: 


Fiot'riE  2<).  -ViiriiUion  of  elTi'Ctivft  ryliiidor-Kfus  UMiiporiiluro  with  fiirl-air  ratio  for  coolant- 
lii'at-rcji't'tion  corrolatioti.  Data  corri’ct«-(l  to  dry  itikd-nmnifold  tom pt>raturc  of  80°  F; 
oxhaubt  pressure,  20-30  inches  mercury  atisolute;  statulanl  iKtiition  timing. 


which  lh(‘  vmIuc  of  7\  lias  alnaidy  Ixm'ii  cslahlishcd.  Tic 
variation  in  7’i,  with  (*ach  of  tin*  aforfaiUMitiotU'd  variahh's  i 
tlu'u  calculatf'd  from  lh(‘  vahit'  of  the  constant  and  tin 
h(‘at-r(*j('cti()7i  and  cooIanl-ttMiipcraturt'  data  ohtaini'd  a! 
the  operating  coiulition  in  (pi(‘stion. 

Tlie  variation  of  7\,  with  find-air  ratio  is  shown  in  (igiir(‘  20 
The  data  liave  Ixhmi  corretitHi  to  a  dry  inh't -maiiifoh. 
ttauperatiirt'of  SO^.P  in  accordaiua' vith  tin*  ndatiofi  ht'lwta'c 
7\,  and  7\„  to  Ix'  prt'st'nted  later.  Although  tin*  data  poi^U^ 
do  not  clearly  dtdiin'  a  curvt'  in  tin*  region  of  stoichiomel rit 
fu(‘l-air  ratio,  tin*  sha]X‘  of  tin'  curvt'  in  this  rt'gion  was  math 
similar  to  that  detf'rmiiu'd  for  similar  relations  in  tin' cyliiuh'r- 
head-tempt'.rature  correlations. 

The  variation  of  Tg  with  the  calculated  dry  inh't -manifold 
t.(Mn])erature  7\n  i;^  i)resented  in  ligure  21.  Tlu'si*,  data,  wliicl' 
include  both  varialile  (airburi'tor-air-ternperature  and  vari¬ 
able  ('ngine-s])eed  runs,  liave  Ix'en  corrected  to  a  fuel-air 
ratio  of  0.080  iii  accordaii(!e  with  the  relation  Ix'twi'en  7’, 
and  fuel-air  ratio  presented  hi  figure  20.  Although  tlu're  is 
considerable  scatter  of  the  data,  the  trends  indicated  by  both 
types  of  run  are  the  same.  A  line  through  tlu^  average  of 
tlic  data  indicates  an  increase  in  7\,  of  about  O.^O'^  P  per 
degree  Fahrenheit  iinu-ease  in  7\„\  correctifin  of  Tg  to  other 
than  SO®  F  inlet-'inanifold  ti'mpf'rature  is  therefore  made 
according  to  the  following  relation: 

Ar^=0.;:{0(r„,~80)  (20) 
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KicruK  2!.  —  Vuriulioti  of  clTcctivc  cyHn<k*r-f:ii.s  tomix'ruturo  witti  inlct-munifold  toinixralurc  forcoolaut-hoat-n'jcctioncorn'Uition.  .\  11  data  corrected  to  fuel-air  ratio  of  0.080;  e.\hau.st  pri'ssti  re, 

inches  mercury  absolute;  standard  iKiiiiion  timing. 
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Ki<iniK  A’liriiilioi)  f>r  t'lTi'Clivr  cyliiKlcT-utvs  f.finiH*riiturc  with  (‘xhiiusl  rm'-Hsurc  ut  sovitiU  fiii'l-uir  ratios  for  coolanl-hrat-rojoction  oorrclatifMi,  Pata  corn'Ctcd  to  dry  Inlrt-inanifol 

ix'rnturt'  of  K()°  K;  sUmdord  ijinitloii  liininB. 


'VUv  rirrct.  of  (‘xlmiist  pn'ssurc  on  for  (lirtH*  vahios  of 
fu(‘l-air  ratio  and  a  variedly  of  on^iiu'  conditions  is  prcscntcMl  in 
liirnr('22.  All  tlu'data  havo  i)('(*n  corrected  to  an  initd, -manifold 
ternpt'raUire.  of  S0°  F  in  ata-ordance  with  (ajuation  (20). 
As  for  tlie  cyliiuler-h(‘ad-t(‘m])eratiire  correlation,  the  in- 
creast*  in  7’,  with  in(*reased  exliausl  ])iTssure  is  grtaUtM'  at 
(lie  lean  than  at  the  rich  inixtun's  for  the  ranine  of  fuel-air 
ratios  investigated.  Foi*  coiivenic'iice,  a  cross  ])lot  of  the 
ciirvi's  in  figure  22  is  shown  in  figure  22  in  which  7\  is  plottt'd 
as  a  function  of  fuel-air  ratio  for  vai‘ious  t'xhaust  ])ressur(‘s. 
Th(‘  curv(‘.  for  an  (‘xhaust  pressure,  of  20  inches  of  nuM-cury 
was  obtained  fi’om  figun'  20  and  served  as  a  guidt'  for  the 
fairing  of  tin'  oth(‘r  curv(‘s. 

Tht'  variation  of  7\,  with  ignition  timing  for  engim*  speeds 
of  2t)00  and  20t)0  rpin  is  pi-estMittal  in  ligui’e  24  as  a  [)lot  of 
yi\  against  ignition  timing.  This  curve  has  a  mininium  at 
an  ('xhaust  s])ark-phig  t  iming  of  about  20°  B.T.C.  and  inci-eases 
as  tlu‘  si)ark  is  advanced  or  retarded  from  this  setting. 

Exponent  n  on  charge  flow  and  constant  Bi. — The 
value  of  the  expomait  u  on  <‘harge  flow  and  tlie  constant 
/>,  were  obtain(‘d  from  the  s(‘ri(‘s  of  runs  at  constant  coolant 
conditions  in  which  the  charge'  flow  was  varie'd  by  changing 
(‘ither  the  manifold  ])ressun‘  or  engine  s])e(‘d.  (A  summary 
of  the  conditions  for  those'  runs  is  giveti  uiule'r  variable'  e-harge  | 


flow  in  table  1.)  For  such  conditions,  correlation  eepiatio 
re'ducos  to 


Ae'ce)rding  te)  this  e'ejuation,  a  plot  of  1/ U  e”  ag; 
(T^~-  7\)iII  e)n  ree'tangular  coe)relinat.es  woulel  elefine  astm 
line'  having  a  slopes  e'epial  to  the  value  of  /A  provided 
the  value'  of  n  were'  properly  e-hose'n.  Be^causo  this  mei 
reejuirt's  a  trial-anel-error  solution  and  may  not  be  as  sensi 
as  elosired,  a  sece)nel  methoel  of  eletermining  /<  anel  b; 
on  oepiatie)]!  (1)  was  use'el. 

Ae’coreling  to  e'epiat  ion  (1 ),  a  j)le)t  of  ll'^.  against 
e)n  le)garithmie-  e-oe)rdinate's  we)ulel  re'sult  in  a  line  havii 
sle)pe  eejual  to  n  and  a  value  of  Bi  eletermined  from 
e'oorelinate's  of  any  point  e)n  the  line.  These  values  of  n 
/?!  may  then  be  verified  for  use  in  equation  (21),  as  provio 
eliscussed.  Such  a  plot  is  slmwn  in  figure  25,  wherein  in 
values  of  0.04  for  7i  anel  0.27  for  Bi  are  obtained. 

The  plot  of  l/ir^”  against  (7"j— Tj)/i7,  wherein  the  in 
value  of  0.04  was  substituteel  for  n,  is  presented  in  figure 
A  straight  line  having  a  slope  of  0.27  satisfactorily  repres 
the  elata  aiiel  thus  the  value's  of  0.04  for  n  and  0.27  for  B 
verified.  Close  agreement  is  seen  to  exist  between  the  a 
able  inlet-manifold-pressure  and  variable  engine-speed  el 


(’OIUlELA'l’ION  OF  (’()OLJi\<}  (’HAKAC’rEUlSTICS  OF  A  AIULTICYLIXDEU  EN(nXE 


FiouRE  2:J.— Variation  of  cllt’ctivc  cylin<h*r-Ka.s  temperature  with  fuel-air  ratio  for  various 
exhaust  pressures  for  coolout-heat-cejectioti  correlatiou  (obUiiucd  from,  cross  plot  of  Uk.  ai). 
Data  corrected  to  dry  inle(-nianifold  temperature  of  W)®  P:  stamlard  i^miiion  timiiuj. 


Kmjure  24.— Variatkra  of  chiuutoin  olfective.  eylihder-Kas  term)emture  w'ith  I'imilion  (imin^!: 
for  e(K)lant-lieat-r(>Jeclion  correlation,  Kindoiir  ratio*  O.UU.'k 


Factor  Z. — For  thr  oponitinp;  coiKiilionaof  constant  cooUuit 
tompcratiiro  and  composition  and  variable  coolant  flow  \Vi, 
which  provide  data  for  the  determination  of  the  fat^tor  Z, 
etpiation  (h)  reduces  to 
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KmuiiK  2r>.  l)('(erm illation  of  exponent  n  and  constant  /^l!  or  coolnnl-heal-rejeftion  c 
lion  from  vaidaiion  of  fIKl\~Th}  with  U*V.  Fuel-air  ratio,  O.OU.'t;  exhaust  pressure, 
inches  mercury  absolute;  slamlarU  ifinilioti  tmiluK. 
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Fkicrk  2ti.  -Variation  of  I/U'c"  **  with  (Tg~Ti)!fF.  Fnel-air  ratio,  0.09S;  exhaust  pn 
2*)-;i0  incln!.s'mm‘ury  absolute;  standard  icnition  timitiR. 


/  7’  _  7^ 

Inspection  of  this  etpiation  indicutes  that  Z— J 
when  thcri-cfore  a  plot  of  Bi  ^ 


“// 


against 


1 

IFf 


using,  the  jweviously  determined  values  of  Z?, 


and  would  give  an  indication  of  the  value  of  the  Z  fat 
when  extra[)olated  to  zero  ijWi.  Such  a  plot  is  siiowi 
figure  27  for  five  different  coolants  at  two  engine  powers  an 
value  of  0.12  is  indicated  for  Z.  As  for  the  cylinder-lu' 
temperature  correlation.  s(‘vern.l  values  in  the  n(‘igld)orh« 


IS 


liEPOliT  IKn— XA'l'IOXAL  Al)\'lS{)KV  TOMMI'm^E  FOR  AEUON A TTK’S 


Reciprocal  of  coolant  f/ow,  sec/ lb 


1  1 

Kir.f.iKK  27.— l^i'leriiiinution  of  factor  Z  for  coohint-hcat-rcjcction  porrclutiori  from  variation  of  0.37  I  — — —  jj. «  with  “*  Average  coolant  t('nit»nituro.  215“ 


of  0.12  \v(*ro  oliosoii  for  Z  and  iisod  in  trial  coiT('lation^[)lots; 
the  value  that  ^ave  the  most  satisfactory  correlation  (0.12) 
was  hnally  used. 

.Although  it  would  be  (‘xpected  that  the  sealing  of  the 
coolant  passages  in  the  hot  regions  of  th(‘  cylinder  head 
(illustrated  by  th(‘  temperature  curves  of  fig.  10)  would  have 
an  ell’ect  on  the  c.oolant  heat  rejt'ction  similar  to  that  which 
it  had  on  the  cylinder-head-tem])(‘raiiire  corn'lation  (jig.  11), 
no  such  effect  could  Ix^  detectfxl  within  the  accuracy  of  the 
data.  It  is  likely,  however,  that  the  elbMa  of  this  sf'aling 
on  the  heat “n'ject ion  correlation  is  less  than  those  for  the  head- 
ternperature  correlation  because  tlie  scale  was  deposited  in 
only  a  ])ortion  of  the  cylinder  head  and  thus  would  not  hav(‘ 
as  great  an  effect  on  tlie  total  coolant  heat  r(‘jection  as  it  did 
on  the  cylinder-head  temp(‘rature  between  the  exhaust 
valves. 

Exponent  m  on  coolant-flow  parameter  For  tln^ 

df'termination  of  tlu‘  exponent  rn  on  tlie  coolant-flow  param¬ 
eter  data  similar  to  that  used  for  tlie  (h'termination  of 

Z  are  used  and  cftuation  ((>)  may  be  accordingly  writtfui 


A  logarithmic  ])lot  of  the  factor 


against  llV/x,  in  which  the  absolute  value  of  the  slop(*  < 
straight  line  through  the  data  will  be  efpial  to  the  exp* 
m,  is  shown  in  figure  28  for  five  different  coolants, 
having  the  same  slojie  are  drawn  through  the  data  for 
coolant  and  the  value  of  the  exponent  m  is  thus  establ 
as  0.20.  This  value  of  the  (‘xponent  m,  whicb  is  (‘stabl 
from  S(*l(’ct(‘d  data,  will  1><‘  verified  by  tlui  sloj)e  of  tin 
through  all  tlu'  data  in  the.  final  correlation  plot  bas(‘ 
i‘(| nation  (t)}. 

Exponent  s  on  Prandtl  number  Pr. —The  value  o 
(‘xpoiKUit  -s*  on  the  Prandtl  number  Pr  was  determined 
data  for  a  constant  value  of  HVm,  which  p(‘rmiis  tlu‘  r« 
lion  of  ec(uation  (ti)  to 

The  slope  of  the  line  determined  by  a  logarithmic  pi 
I^O.OT  ^  — O.12J  k  against  Pr  would  tin 

tablish  the  value  of  the  exponent  s. 

Following  a  procedure  similar  to  that  used  in  the  1 
temperature  correlation,  values  of  the  fa(*tor 


{’OUUELATIOX  OV  ('()()LIX(J  ( :n ARACTEUISTICS  OF  A  MULTK’V LIXDE R  EX(;iXE 


of)t}un(Hl  iVoiii  li^urc'  2S  for  (‘acli  oi  tlio  (‘oohuits  ni  si  | 
fonstsint  vsiluo  ol  ll  /  ju  ;uul  so’t'  liuMi  cross-plot tiul  sipiinst  j 
the  l^niiulll  nuiohci*  Pr  foi‘  ilu'  diflcrciU  coolsuits.  Dsitsi  so 
obtniuod  from  si  ci'oss  j)lot  ol  lij^uro  2S  sil  si  (‘onstaut  valuo 
of  WiliJL  (‘(pial  to  oo.tlOO  ar(‘  shown  in  li^urc  29  and  tlio  slope 
of  llu'  r(*sijll inir  lim*  ('slahlislu's  tlu*  vsduo  ol  tlic  c.\[)on{‘nt 
on  the  Prandtl  nnmlxM*  /V  ;is  O.ihS. 

riNAL  COlUtKI.ATlON 

Final  correlation  with  coolant-flow  factor  W,f^  as  in¬ 
dependent  variable. — Tin'  final  (‘orrelation  hasi'd  on  (‘(|nsi- 
lion  (9),  which  is  obtained  by  plottin^r  the  factor 


Figcke  2M  -l)(>i(’rmiimtioii  (ifoxpoiu'nt  m  on  coohint-flow  parameter  for  coolant*hcal- 

0.37  (—^^--1  |p  o;g4  0. 1 ‘21  A  with  ^  for 
various  coolaiiLs.  Averiijie  coolant  icmpcratun*.  21.5°  F. 


[<).:57  ,pV,.-0J2]/,-(/V)'’- 

si^ainst  Wi/ij.  nn  lo^sirithmic  coordihalt's  for  all  the  dal 
j)resented  in  li^urt'  :>().  Although  the  dsita  j)oints  sc; 
considt'rably,  the  variation  in  tt'rms  of  the  coolant 
rt'jt'ctiou  is  not  t'xt't'ssivt'.  Dsished  lines  rt'prt'st'iit ii 
variation  in  heat  I’t'jt'ction  of  rnn  pei'ct'iit  art'  drsiwn  or 
figure  and  practicsdly  sdl  tin'  dsita  sirt'  st't'ii  to  fall  W; 
these  limits.  Tin*  (‘(feet  of  boiling  of  tin'  coohinl  on 
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Prandfl  number,  pr 


Figuke  2f). — Octermination  of  exponent on  Crainltl  number  /-’rforcoolaiit-lieat-njjectio 
lalion  from  variation  of  ^  IC  ^  ^  oblaitii 

ir, 

cross  plot  of  ilKurc  28  at  value  of  —  of  .'j.'i.noo.  Average  coolant  temperature,  24rc 


34.  6  6 

Coo  font-  flow  parometer,  W'l/fx 
Fior-RE  30.— Final  correlation  of  coolant  heat  rejections  hsiscd  on  r<iuation  (il). 
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(‘onvljilion.  which,  as  illustrated  in  fii^uro  17,  had  a  small 
intlucn<*(‘  on  the  cylind('r-hcad-tcmi)eraturc  corrc'lat  ion, 
could  not  ho  d(‘toctod  within  the  accuracy  of  the  data. 
Jiocauso  the  H'^ion  in  whi(‘h  boiling  of  the  coolant  occurred 
was  probably  limited  to  a  relatively  small  area  of  the  cylinder 
b(*ad,  it  would  b(‘  expected  to  have  a  much  smaller  effect  on 
the  total  coolant  heat  rejt'ctions  than  on  the  cyliruhu-head 
hunpera  lures. 

The  value  of  the  exponent  w,  which  is  equal  to  llu'  absolute 
value  of  the  slope  of  the  line  throu2:h  the  data,  is,  as  pre¬ 
viously  (h'termined.  ecpiai  to  ().2(),  and  the  value  of  the 


[^0.37 


I  2J 


=0.000302  I 


and  will  aj)piy  ov(m-  the  ran^e  of  en^dne  operatin^^  con 
and  coolant  (*onditions  lisle<l  in  table  I. 

Final  correlation  with  charge  flow  IVc  as  indept 
variable. — (Correlation  of  the  test  data  bas(*d  on  equati 
which  is  obtained  by  plotting  the  factor 


/T-T 
[  If 


0.()0()302^ 

J 


^-0.12 


constant  7^3,  found  by  the  substitution  of  the  values  of  the  |  against  11^  on  lopirithmic  coordinates,  is  presen 
coordinates  of  any  point  on  the  line  into  the  corn^lation  t  figure  31.  A  straight  lino  with  a  slope  of  —0.94,  w 


-eqnat-iotr,--  -is  -etpial  -  t-o  0d)0(>3027- 


accordingly  written 


mined,  is  drawn  through  the  data.  When  equation 


ChargTe  flow,  lb j sec 


Fig  (.’RE  31.— Filial  correlation  of  cooliint'heat  n'jcctions  b;isod  on  equation  (7). 


COiaiELAI'lON  OK  ('OOLINCi  CHAUAC'I'EKISTICS  OK  A  MULTICYLINDEIl  EXOINE 


21 


Fici'BE  Viirmtioii  with  coolant  temperature  of  coolant-property  parameter 
for  coolant-heat-rejcction  correlation. 


r('MrrangO(l  iii  acconhuico  with  this  plot,  the  following  form 
is  ol)taiiiO(l : 


pi'opertv  t(‘rms  of  (‘(piation  (US)  results  in  greater  eou- 
vi'nieiiee  of  application. 

The  dry  inh't-nianifold  tt'nipt'raturt*  is  eoinputt'd  from 
the  earbiiretor-air  ttunperat lire  and  tlie  engine  s[)eed  by 
means  of  equation  (9)  as  follows: 


=  00  +  25.28 


=  288°  F 

In  order  to  dtd ermine  tlie  eHeetive  cylinder-gas  tempera¬ 
ture  'I\,  a  value  of  7\  is  first  d(‘termined  from  figure  t)  as 
K  for  a  find-air  ratio  of  0.095,  an  exhaust  pressure  of 
40  iiudies  of  mercury  al)solut(‘,  standard  ignition  timing, 
and  a  dry  inlet-manifold  temperature  of  80®  K.  The  cor¬ 
rection  for  an  ignition  timing  of  40®  is  obtained  from 

figure  7  as  24°  F.  For  a  dry  inlet-manifold  temperature  of 
288®  F,  the  correction  to  Tg  is  determined  from  c(j nation  (11) 

A7^,  =  0.25  (r^-80) 


-0.12==  IFr'"'*' 
(26) 


In  order  to  facilitate  the  computation  of  coolant  heat 
rejections  by  means  of  this  (‘(j nation,  values  of  the  coolaiit- 
j)rop(‘rty  parametea-  /  “'V/r  (Pr)  ^  are  presented  in  figure  82 
for  various  ('thyleiie  glycol— water  solutions  over  a  range 
of  coolant  temperatures. 


USE  OF  CORRELATION  EQUATIONS 


In  ord(‘r  to  illustrate  tlie  use  of  the  correlation  equations, 
the  following  example  is  presented: 

The  maximum  cylinder-luaid  temperatun'  between  the 
<‘xhaust  valves  and  the  coolant  heat  rejection  are  to  be 
(h‘lermined  for  tlu‘  following  conditions: 


Kntriiu'  chariic  How  (air  plus  fuon,  lb  sec  - -  . 

Ktiaiiie  speed,  rpiu. .  - - 

Pu(*l-air  ratio -  - - - 

( ’arbunuor-itilei  air  teinperalure,  - - 

I  lxliau.-^t  pri'ssure,  iu.  ilsx  ab.'<oliite - 

I^rnition  tiiniiic  (exhaust  spark  ])lugs),  deg  B.T.C’...  - 

.\eeumulai(‘d  eiuiine  rumiiug  time,  hr - 

( 'oolant  ilow,  ll)/s<*c  ...  -  - - 

Av(‘rau('  et)olant  tem])eralure,  '^F. - - - 

Coolant  {’(unposition.  (Uliyleiie  glycol — water  (percent 
\-oiuine) -  -  - 


.  -  -  3.  0 

.  . .  3000 

0.095 
00 

. .  _  -to.  0 

40 

Over  100 
. . .  30.  0 

250 
by 

30-70 


Determination  of  maximum  cylinder-head  temperature. — 
Till',  nvi'rage  cyliiuh'r-head  temperature  is  first  evaluated 
from  equation  (IS)  and  the  maximum  cylinder-head  temper¬ 
ature  then  determined  from  figure  18.  Although  either 
('(piatiou  (17)  or  (IS)  may  be  used  to  evaluate  the  average 
cylindi'i'-head  ti'inperature,  the  grouping  of  the  eoolant- 


=  0.25  (288-80) 
=  52®  F 


The  value  of  Tg  is  tlicn  determined  by  algebraically  adding 
the  corrections  for  ignition  timing  and  manifold  temperature 
to  the  value  obtained  from  figure  6. 


T,=  1069  +  24-h52=1145®F 

Because  the  variation  of  Z  with  engine  running  time 
was  shown  to  be  constant  at  a  value  of  0.13  (fig.  11)  for  any 
engine  running  time  over  100  hours,  this  constant  value  is 

used.  The  coolant-property  parameter  is  deter¬ 

mined  from  figure  16  for  the  specified  coolant  and  coolant 
temperature  as  equal  to  164. 

Substitution  of  the  values  of  the  various  parameters  into 
equation  (18) 


n\r/0>00163\  / 


H^-0,60 


(18) 


gives  the  following: 


2.839rA+7;  =  11454-2.839X250 


r,=483®  F 


For  this  value  of  the  average  cylinder-head  temperature,  the 
maximum  cylinder-head  temperature  between  the  exhaust 
valves  is  found  to  be  499®  F  (fig.  18). 
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Determination  of  coolant  heat  rejection.  As  lor  tlu' 
<'yliD(l(‘r-lu‘}Hl  l(‘ni})('r5il(nT,  i1h‘  (l('((‘nninnt ion  of  tlu‘  coolant 
lu'jil  i-(‘j(‘clion  is  most  conv(‘ni(Milly  jicconiplislnMl  by  iisin^ 
tlu'  (‘(|Ujilion  in  ^vhi(‘ll  tlu'  cliiir*!;!'  How  is  the  sc'parntcMl 
variabhy  ('(pint ion  (2(1)  will  tlu‘r(‘forc  lx*  ns('(l. 

As  ])n‘vioiisly  calciilalcd  foi’  ibc  cylindiT-bcad-ti’inix'rat  lire 
d(‘l(‘rniinat ion.  ibc  dry  ijd(‘t-manifold  icinpcraliirt'  is  2SS°  F. 
A  valiK'  of  'I\  for  a  fiiid-air  ratio  of  0.09'),  an  cxbaust 
pirssurc  of  40  inclu's  of  nu'nniry  absolute,  standard  ipiition 
liininic,  and  a  dry  inl(‘t-inanilold  tcin])cratiirc  o^  80°  b  is  first 
d(‘t(*rniincd  from  fillin'  28  as  710°  F.  Tlu'  correction  lor  an 
ipiition  timing  of  40°  B.T.C.  is  obtained  from  fiirure  24  as 
14°  F.  For  a  dry  inb't-nianifold  tem])eratiir(‘  of  288°  F. 
the  correction  to  is  (bRermiiual  from  ecpiation  (20). 

a7’,==0.80  (7;.-80) 

=o.8o;;(2ss--80) 

-02.4°  F 


The  value  of  is  then  determined  l>y  alirebraically 
adding  the  corn'ctions  for  ij^nilion  timin^^  and  manifold 
temperature  to  the  value  obtained  from  fij^ure  28. 

7;-71G-hl4+02.4  =  792.4°  F 


The  coolant-jn’operty  parameter  as J  determined 


from  figure  82  for  the  specified  coolant  and  coolant  temper¬ 
ature  and  is  ecpial  to  904. 

Substitution  of  the  values  of  the  various  parameters  into 
eciuation  (20) 


0.37 


/0.00()802Y 

V  77  /  V  U7’^“  A^(7V)‘> 


12= 


(20) 


dives  tlio  followitijj 


. /792.4-2-)0 


0.37 


11 


0.()003q2\ 

3f)u:26  J 


(904) -0.12-8.0- 


200.7 

11 


-0.120-0. 12-0. 8.')0l 

//=380.0  Bln  per  second 


SUMMARY  OF  RESULTS 

An  analysis  of  tlui  data  obtained  from  jnulticylinder, 
li(|uid-cooled  engine’s  of  17 lO-cubic-ineh  displace’inent,  which 
included  power  outputs  from  27.5  to  1800  i)rake  horsepowe’r, 


coolant  flows  from  oO  to  820  gallons  |)ei’  minute,  and  coo 
('omposed  of  ('thyh’iu’  glycol — walei*  mixtures  varyii 
coni])osit ion  from  100  peM'ce’iit  water  to  97  jterca’nl  (‘th 
glycol  and  8  ])(’rc('nt  wat(‘r  gave’  the’  fe)lle)wing  re’sults: 

1.  44u'  NACA  corre'latie)!!  nu’thoel,  which  is  base’d  e)i 
tlu‘e)ry  of  lu’at  tiansler  by  normal  forex’d  (‘onve’ctie)!!, 
viele’d  satisfacte>ry  corre’lat ie)n  e)f  both  the  e-ylinder- 
teunperature  b(*tween  the  e’xhaust  valve’s  anel  the  co- 
lu’at  re’je’ction  with  the’  ])rimary  engine  and  e*e)olant  vari 
for  a  wide  range  e>f  eaigine’  anel  eDolant  conelitions. 

2.  The  ce)jTelatie)n  nu’thod  as  applieel  herein  perm 
the  ])redie’tion  of  the’  cylineler-lu’ael  temi)erature  bet 
the  exhaust  valve’s  within  a|)proximate’ly  ±12°  F  at 
the  e*e)olant  lu’at  re’je’e’tion  with  an  accuracy  of  ±.5  per 

8.  Be)iling  of  the’  e’e)e)lant,  which  was  encounte'reel  at  sc 
engine’  powers  uneler  ce’rtain  e’onditioits  e)f  ceiolant 
e‘e>e)lant  te’tnpe’rat  ure',  anel  ce)olant  comi)ositie)n,  was  1 
to  have  an  effect  on  the  cylineler-he’ael  te’rnpe’rature’S. 
the’  range’s  of  variable's  e-overe’e!  in  this  investigation, 
eve’!*,  this  boiling  of  the  e’oolant  eliel  not  seriously  affee' 
e*vlineler-he’ael-t(’mf)erature  e‘e)rrelatk)n  anel  had  no  de’tee 
effect  on  the  heat-re’jection  e’e)rre’lation. 


Flkiht  Pkopflsio.v  Research  Lahor.vtouy, 

Xational  Advisory  Co.mmittee  for  Aero.valtics. 
Cleveland,  Ohio,  August  31,  1948. 
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Poaitive  directions  of  axes  and  angles  (forces  and  moments)  are  shown  by  arrows 
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Absolute  coefficients  of  moment  -Angle  of  set  of  (X>ntrol  simface  (relative  tO-,  neutral 

£  M  j)ositi6n),  5.  (Indicate  surface  by  proper  subscript.) 

(rolling)  (pitching)  (yawmg)  r..  ^  -  x-:.; 

CPHOPELIEK  SYMBOLS 


D  Diameter 

p  ^  Geometric  pitch 
pjD  Pitch  ratio 

T/'  Inflow  velocity 

Vt  Slipstream  velocity 

T  Thrust,  absolute  coefficient 

Q  Torque,  absolute  coefficient 


P 

Oy 

n 


Power,  absolute  coefficient 

;  5 

Speed-power  coefficient : 


Efficiency 

Eevolutions  per  second,  rps 
Effective  helix  angle  =  tan“* 


5.  NUMERICAL  RELATIONS 


1  hp=76.04  kg-m/s=550  ft-lb/aec  ^ .  1  lb=0.4536  kg 

1  metric  horsepower =0.9863  hp  '  1  kg=2.2046  lb 

1  mpb  ==0.4470  mp3  _  -  1  ini=l, 609.35  m=5,280  ft 

1  mp8=2.2369  mph  '  1  m=3.2808  ft 


